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The esophagus links the oral cavity to the stomach
and facilitates the transfer of bolus. Using genetic
tracing and mouse mutants, we demonstrate that
esophagus striated muscles (ESMs) are not derived
from somites but are of cranial origin. Tbx1 and Isl1
act as key regulators of ESMs, which we now
identify as a third derivative of cardiopharyngeal
mesoderm that contributes to second heart field
derivatives and head muscles. Isl1-derived ESM
progenitors colonize the mouse esophagus in an
anterior-posterior direction but are absent in the
developing chick esophagus, thus providing evolu-
tionary insight into the lack of ESMs in avians. Strik-
ingly, different from other myogenic regions, in which
embryonic myogenesis establishes a scaffold for
fetal fiber formation, ESMs are established directly
by fetal myofibers. We propose that ESMprogenitors
use smooth muscle as a scaffold, thereby bypassing
the embryonic program. These findings have impor-
tant implications in understanding esophageal
dysfunctions, including dysphagia, and congenital
disorders, such as DiGeorge syndrome.
INTRODUCTION
The act of swallowing propels bolus through the esophagus to the
stomach by triggering sequential radial waves of striated and
smoothmuscle contractions calledperistalsis,which is largely un-
der the autonomic control of the central and peripheral mecha-
nisms (Yazaki and Sifrim, 2012). Interestingly, the proportion of
striated muscles that compose the esophagus wall varies exten-
sively across vertebrate species, being absent in avians and rep-
tiles andpresent inpart of, or in theentire, esophagus, in ruminants
and rodents (Shiina et al., 2005). In humans, the esophaguswall is
composedofstriatedmuscles in theupperpart,whereas the lower
portion is comprised only of smoothmuscles. The developmental
and evolutionary origin of striated muscles in the esophagus re-
mainsunclear, despite the importanceofesophagusstriatedmus-
cles (ESMs) in a spectrum of human esophageal dysfunctions,694 Developmental Cell 34, 694–704, September 28, 2015 ª2015 Elsincluding idiopathic myopathy, motility disorders, achalasia, and
dysphagia (Kilic et al., 2003; Ro´zsai et al., 2009; Sheehan, 2008).
In most vertebrate embryos, the muscularis externa (external
muscle layer) of the esophagus develops as an outer longitudinal
and inner circular layer of smooth muscle, which is subsequently
replaced by striated muscles as development proceeds. ESMs
were proposed to arise through a unique transdifferentiation of
smooth muscle fibers (Patapoutian et al., 1995). However,
ensuing lineage-tracing studies provided evidence that the stri-
ated muscles of the esophagus originate from precursors
distinct from that of the smooth muscle (Rishniw et al., 2003;
Zhao and Dhoot, 2000). In vertebrates, the bHLH myogenic reg-
ulatory factors (MRFs) Myf5, Mrf4, Myod, and Myogenin play
crucial roles in governing striated muscle cell fate and differenti-
ation (Kassar-Duchossoy et al., 2004; Rudnicki et al., 1993). All
body muscles and part of the tongue musculature are estab-
lished from founder stem cells located in transient structures
called somites, and they are under the regulation of the paired/
homeobox transcription factors Pax3 and Pax7 (Kassar-Duchos-
soy et al., 2005; Relaix et al., 2005). In contrast, the founder stem
cells of cranial muscles do not express Pax3 (Relaix et al., 2004),
as they are regulated by a distinct genetic program (Sambasivan
et al., 2009; Tajbakhsh et al., 1997).
As chordates evolved fromfilter feeders to active predators, the
newly elaborated head and mastication muscles developed from
the cranial mesoderm, which is regulated by a distinct set of up-
stream genes, particularly Tbx1, Pitx2, and Islet1 (Isl1) (Diogo
et al., 2015; Grifone and Kelly, 2007; Harel et al., 2009). Apart
from the cucullaris-derived trapezius muscle in the neck that
was reported to originate from progenitors in the occipital lateral
platemesoderm, themuscles locatedbetween theheadand trunk
are poorly characterized (Diogo et al., 2015; Theis et al., 2010).
Recently, the non-somite derived neck muscles were reported
to share a common origin with the myocardium (Lescroart et al.,
2015). However, striated muscles of the esophagus are generally
proposed to arise from Pax3+ somitic founder myogenic cells in
mouse and fish (Minchin et al., 2013; Romer et al., 2013). Here,
we demonstrate that esophagus striated muscles are not somite
derived inmouse,but that they followacranialmyogenicprogram.
Using extensive genetic lineage andmutant analysis inmouse,we
demonstrate that ESMs are a newly described third derivative of
the pharyngeal mesoderm in addition to headmuscles and deriv-
atives of the second heart field, with unique properties that have
not been reported for other striatedmuscles investigated to date.evier Inc.
Figure 1. Pax3-Derived Somitic Progenitors Do Not Contribute to Esophagus Striated Muscles
(A) A whole-mount macroscopic image of E18.5 Pax3Cre/+:R26mT-mG/+ fetus (A, left) and esophagus (A, right; E, esophagus; T, trachea; D, diaphragm; S, stomach;
n = 3).
(B) A scheme depicting the two distinct striated muscle layers of the esophagus (il, inner layer; ol, outer layer), the enteric neurons (mp, myenteric plexus)
interspersed between these layers, the epithelia (ept), lamina propria (lp), and esophageal lumen (lu).
(C) Immunostaining on transverse sections of anterior esophagus of E18.5 Pax3Cre/+:R26 mT-mG/+ fetus for GFP+ (green, Pax3-lineage derived membrane GFP+
cells), myogenic (red, Myogenin), and neuronal (gray, bIII-tubulin, Tuj1) markers. The dotted line demarcates the esophagus lumen (n = 3). Note major overlap
between Tuj1 and membrane GFP+ Pax3-lineage-derived cells.
(D) Whole-mount immunofluorescence, followed by 3D reconstruction of E18.5 Pax3Cre/+:R26mT-mG/+ esophagus (anterior end) for GFP (green, Pax3-lineage
derived membrane GFP+ cells) and striated muscle markers (red, MyHC; blue, neuronal Tuj1; n = 3).
(E) High-magnification views of the 3D reconstructions of z stacks images in (C). Note that GFP+ Pax3-lineage-derived cells are in close proximity to myogenic
(Myogenin+) cells; however, staining overlaps only with the neuronal marker Tuj1, and not with the differentiated muscle marker MyHC.
(F) E18.5 Pax3Cre/+ fetus with corresponding anterior esophageal section stained for MyHC (green) and Desmin (red), and limb stained for MyHC (n = 3). FL,
forelimb; E, esophagus.
(G) Same as in (F) for Pax3Cre/Cre mutant (spina bifida*).
Scale bars represent 50 mm (C, D, F, and G [E, esophagus]), 10 mm (E), and 100 mm (F and G [FL]).
See also Figure S1.RESULTS
Pax3-Derived Somitic Progenitors Do Not Contribute to
Mouse ESMs
To investigate the embryological origin of ESM progenitors, we
marked somite-derived myogenic cells genetically by crossing
Pax3Cremice (Engleka et al., 2005) to a ubiquitous double-fluores-
cent Cre reporter line, RosamTomato/mGFP (R26mT/mG;(MuzumdarDevelopmenet al., 2007), in which Cre-mediated recombination labels all the
Pax3-derived cells with membrane-targeted GFP (mGFP+). If
striated muscles of the esophagus were derived from somitic
muscle progenitors, we would expect mGFP+ ESM in these
mice. Surprisingly, whole-mount macroscopic analysis of E18.5
esophagus showed no contribution of Pax3-derived mGFP cells
to ESMs, whereas diaphragm and trunk muscles were fully
labeled as expected (Figure 1A). Immunostainings of E18.5tal Cell 34, 694–704, September 28, 2015 ª2015 Elsevier Inc. 695
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Figure 2. Progenitors of Esophagus Striated Muscles Are Cranial Mesoderm Derived
(A) Whole-mount macroscopic image of E17.5 Mesp1Cre/+:R26mT-mG/+ fetus and dissected esophagus.
(B) Immunofluorescence staining on transverse sections of anterior segment of E17.5Mesp1Cre/+:R26mT-mG/+ esophagus for GFP (green,Mesp1-lineage derived
membraneGFP+ cells) andmyogenicmarkerMyogenin (red) (right; n = 2). il, inner layer; ol, outer layer; lp, lamina propria; T, trachea; E, esophagus; D, diaphragm;
S, stomach.
(C) Same as in (A) for E17.5 Isl1Cre/+:R26mT-mG/+ embryos (n = 3).
(D) Same as in (B) for E17.5 Isl1Cre/+:R26mT-mG/+ embryos (n = 3).
(E) A scheme summarizing the cranial mesoderm origin of esophageal striated muscles (ESMs). SHF, second heart field.
Scale bars represent 200 mm (B and D, left), 20 mm (B and D, right).
See also Figure S2.Pax3Cre:R26mT/mG esophagus (see Figure 1B) showed no co-
localization of mGFP+ cells with the myogenic markers tested
(Myogenin, MyHC; Figures 1C, 1D, and S1A; data not shown).
Instead, we observed abundant Pax3-derived mGFP+ cells inter-
spersed in between the outer and inner esophageal muscle
layers, in neuron-specific class III b-tubulin (Tuj1)-expressing cells
(Figure 1C) that form the Myenteric plexus, as well as the innerva-
tion spanning the entire length of the esophagus (Figure 1D). This
observation is in accordancewith the report thatPax3-expressing
neural crest cells contribute to the enteric ganglia of the gut (Lang
et al., 2000). In the esophagus, Pax3-derived mGFP+ cells also
contributed to vascular endothelial cells, but not to the smooth
muscle cells (data not shown). Thus, our results show that the
Pax3 lineage does not contribute to striated muscles of the
esophagus, but largely contributes to its innervation.
However, these results contradict a previous report that
ESMsare derived fromPax3+migratory somitic progenitors (Min-
chin et al., 2013). Careful analysis of the myogenic cells in the
Pax3Cre/+: R26mT/mG E18.5 embryos (992 cells counted; n = 3)
showed no co-localization of myogenic markers with mGFP+
cells as would have been expected if the myogenic cells were
Pax3 derived (Figure 1E). Immunohistochemistry, followed by
high-resolution confocal 3D analysis, revealed that the few
myogenic cells that appeared to be in close proximity to GFP+
cells and might be scored as co-expressing (Figures S1A and
S1B) were in fact positioned in a different optical plane and
were not mGFP+ (Figure S1C). In contrast, the myogenic cells
from Pax3-derived neck muscles were all mGFP+ (Figure S1D,
yellow arrowheads), suggesting the absence of even a minor
contribution of Pax3-derived cells to ESMs. Using the same696 Developmental Cell 34, 694–704, September 28, 2015 ª2015 ElsCre-Reporter combination as the previous study reporting
Pax3-derived somite progenitors in the esophagus (Minchin
et al., 2013), our analysis of E18.5 Pax3Cre/+: Z/AP fetuses
confirmed our observations that Pax3-derived cells did not
contribute to the ESMs (Figure S1E).
To verify our findings, we employed a sensitive Pax7 line-
age-specific reporter Pax7nGFP-stop/nlacZ (hereafter, Pax7GPL;
(Sambasivan et al., 2013). We found that in the esophagus of
E18.5 Pax3Cre::Pax7GPL fetuses, there was no contribution of
Pax3-derived cells to ESMs whereas all other trunk muscles
were robustly labeled as expected (nlacZ+; Figures S1F and
S1G). Finally, in accordance with the genetic lineage tracing
results, analysis of E18.5 Pax3Cre/+ (control) and Pax3Cre/Cre
(mutant) embryos showed that ESMs were unaffected in the
Pax3 mutants (Figures 1F, 1G, and S1H), whereas somite-
derived limb muscles were entirely lacking as expected
(Daston et al., 1996). These results conclusively demonstrate
that Pax3-derived migratory somitic progenitors are not
required for ESM development and point to a non-somitic
origin of ESMs.
ESMs Are Derived from Cardiopharyngeal Mesoderm
An early-stage marker of cranial mesodermal (CM) cells is Meso-
derm progenitor 1 (Mesp1) (Harel et al., 2009; Saga et al., 2000).
Interestingly, lineage mapping withMesp1Cre:R26mT/mG showed
robust expression of mGFP in all cranial mesoderm-derived
structures, as well as in the esophagus (Figure 2A). Immuno-
staining of the esophageal sections with myogenic markers (My-
ogenin and Pax7) showed that ESM is derived from Mesp1-
expressing cells (Figures 2B and S2A). In addition to the ESMs,evier Inc.
Mesp1-derived mGFP also marked the connective tissue, the
lamina propria (lp), but not the smooth muscles of the eso-
phagus (Figure S2B).WhileMesp1marks CMwidely, the Isl1-ex-
pressing subpopulation of CM constituting the cardiopharyngeal
mesoderm (CpM) is known to contribute to pharyngeal arch-
derived muscles, in addition to parts of the heart derived from
the second heart field (Nathan et al., 2008). Analysis of E17.5
Isl1Cre: R26mT/mG embryos showed contribution of Isl1-derived
CpM cells to ESMs (Myogenin, MyHC, and Pax7), but not to
the lamina propria or smooth muscle layer (Figures 2C, 2D,
and S2C–S2F), thus providing further evidence that ESMs are
a third derivative of the CpM (Figure 2E).
Isl1-Derived Myogenic Progenitors Colonize and
Pattern ESMs in an A-P Direction
Having established that ESMs are the derivatives of Isl1-ex-
pressing cranial CpM, we next analyzed the spatiotemporal
patterning of ESM progenitors in the esophagus. First, to inves-
tigate the developmental timing of the emergence of myogenic
Isl1+ cells, esophagi from Isl1Cre:R26mT/mG embryos were
analyzed at early time points. The emergence of the first Isl1-der-
ived mGFP+ cells was observed at E12.5, at the anterior end of
the esophagus, which coincided with the appearance of Myf5+
cells (Figure 3A, inset); a subset of these cells also expressed
the upstream cranial mesoderm marker Pitx2 (Figure S3A) and
myogenic marker Myod (Figure 3B). By E15.5, actively prolifer-
ating Isl1-derived Myf5+ myogenic progenitors differentiated
into ESMs in an anterior-to-posterior (A-P) developmental
gradient (Figure 3C, inset; Figures S3B and S3C). The patterning
and differentiation of myogenic progenitors (Isl1-derived Myf5+)
in the outer layer (ol) preceded that of the inner layer (il)
(Figure 3D). Next, to characterize the molecular regulators of
the progenitors that seed the ESM, we isolated Isl1-derived
mGFP+ cells from E12.5 anterior esophagus (Figure 3E) by
fluorescence-activated cell sorting (FACS) and evaluated their
gene expression profile by qRT-PCR. Transcript analysis of
Isl1-derived ESM anlagen showed an enrichment of genes en-
coding pharyngeal mesoderm transcription factors, such as
Tbx1, Isl1, Msc, Tcf21, and Six1, but not the somitic myogenic
regulators Pax3, Paraxis, Lbx1, orMeox1/2 (Figure 3F), attesting
to their non-somitic, cranial mesodermal origin.
The patterning of ESM progenitors along the A-P axis of eso-
phagus could occur either by the temporal seeding of pro-
genitors at the anterior esophagus, followed by displacement
toward the posterior end, or by spontaneous activation of Isl1/
MRFs in a resident progenitor population along the A-P axis of
the esophagus. To distinguish between these possibilities, we
performed primary myocyte cultures of E12.5 Isl1Cre:R26mT/mG
esophagus, where the anterior (Isl1-derived-GFP+) and posterior
(Isl1-derived-GFP) portions were cultured separately for 5 days
(Figure 3G). Immunostainings of the myocyte cultures at day 5
showed the presence of myogenic cells (Isl1-derived GFP+/
Myod+) only in the anterior, but not in the posterior explant cul-
ture (Figure 3H), indicating that spontaneous activation of Isl1/
Mrfs in a resident progenitor population is not the most plausible
mechanism of ESM patterning. To complement this study, we
used live imaging of E13.5 Isl1Cre/+:R26mT/mG whole-esophagus
explants. We found that the Isl1-derived mGFP+ cells at the
anterior esophagus actively migrated in an A-P direction (Fig-Developmenure S3D; Movies S1 and S2), providing compelling evidence
that ESM patterning occurs in a temporal A-P direction after
initial seeding at the anterior-most portion of the esophagus.
Esophagus Striated Myogenesis Follows a Unique Fetal
Myogenic Program
During skeletal myogenesis, all myogenic progenitors described
to date follow a stereotypical sequence of temporal specifica-
tion, generating embryonic myofibers (E10.5–E13.5), that act
as a scaffold, succeeded by fetal myofibers (E14.5–E18.5) and
characterized by distinct gene expression patterns and size of
differentiated myofibers (Biressi et al., 2007) (Figure 4A). In the
esophagus, while the seeding of Isl1-derived myogenic progen-
itors begins at E12.5–E13.5, MyHC+ myofibers appear relatively
late (E15.5) (Figures S4A and S4B). Also, ESM formation further
extends to postnatal stages, suggesting that ESM differentiation
is delayed compared to muscles of the limbs (Kablar et al., 2000;
Zhao and Dhoot, 2000). Isl1 was reported to act as a myogenic
repressor that delaysMyHC expression in branchiomericmuscle
progenitor cells (Nathan et al., 2008), and thus Isl1 expression
might also delay ESM differentiation. To determine whether
ESM formation follows the conventional embryonic to fetal myo-
genic program in spite of the delay in its appearance, we isolated
Pax7+ progenitors from E15.5 Tg: Pax7nGFP esophagus
by FACS, and we analyzed transcripts of embryonic and
fetal myogenic markers (Mourikis et al., 2012) by qRT-PCR.
Interestingly in the ESMprogenitors, we observed high transcript
abundance of the fetal myogenic markers (Nfix, Socs3, Col15a1,
and CD44) relative to that of the embryonic markers (Fgf9,
Epha4, and Slow MyHC) (Figures 4B and 4C) indicating that
these cells are primed for precocious fetal myogenesis. Addi-
tionally, myogenic differentiation of these cells in vitro showed
a typical fetal morphology, with large multinucleated myofibers
similar to those derived from E15.5 forelimb myogenic progeni-
tors (Figure 4D). Importantly, in contrast to other trunk muscles
(e.g., Pectoralis major), ESMs did not express the embryonic
myofiber-specific Slow Myosin Heavy chain protein (S46) at any
developmental time point analyzed (Figures S4C–S4F). Interest-
ingly, we observed that during ESM formation, unlike striated
muscles at any other location, the myogenic progenitors were
intercalated between the smooth muscle layers, tracing its pre-
established pattern (Figure 4E, insets). The unique association
of ESM progenitors with the smooth muscle layer suggests that
the latter acts as a scaffold to pattern the fetal ESM myofibers
in the absence of embryonic fibers (Figure 4F). These findings
lead us to propose that striated muscles within the esophagus
uniquely bypass embryonic myogenesis and thus use the pre-
existing smooth muscle layer as a scaffold for patterning.
Absence of ESMs in Tbx1-Null Mutant Embryos
Having established that ESMs are formed by cranial progenitors
that follow a unique fetal myogenic program, we sought to iden-
tify regulators acting upstream of ESM progenitors. Given the
robust transcript abundance of Tbx1 in the ESM anlage (see
Figure 3F) and its critical role in cranial mesoderm-derived myo-
genesis (Kelly et al., 2004; Sambasivan et al., 2009), we investi-
gated the role of Tbx1 in ESM formation. Strikingly, ESM and
Pax7+ myogenic progenitors were completely absent in all
Tbx1-null E18.5 fetuses analyzed (Figures 5A and 5B). Sporadictal Cell 34, 694–704, September 28, 2015 ª2015 Elsevier Inc. 697
Figure 3. Isl1-Derived ESM Progenitors Are Patterned in an A-P Direction, following Initial Seeding at the Anterior End
(A) 3D reconstruction of whole-mount immunostaining of E12.5 Isl1Cre/+:R26mT-mG/+ esophagus for GFP (green, Isl1-lineage derived membrane GFP+ cells) and
alpha Smooth Muscle Actin (red, a-SMA) (A, anterior; P, posterior); inset E12.5 Myf5nlacZ/+ esophagus (blue, X-gal) (n = 3).
(B) Immunostaining on sagittal sections of E12.5 Is11Cre/+:R26mT-mG/+ anterior esophagus (at the level of esophageal opening for GFP (green) and Myod (red).
Iso-surface visualization in inset (red, smooth muscle, a-SMA, blue, epithelial lumen) (n = 3).
(C) Same as in (A) for E15.5 Isl1Cre/+:R26mT-mG/+ esophagus.
(D) Immunostaining on the transverse sections of E15.5 Is11Cre/+:R26mT-mG/+ esophagus for GFP (green) andMyf5 (red); inset, highmagnification (il, inner layer; ol,
outer layer).
(E) Whole-mount macroscopic image of E12.5 Is11Cre/+:R26mT-mG/+ esophagus. The dotted line shows the anterior end of esophagus separated for isolation by
FACS of Isl1-derived GFP+ cells. A profile of the Isl1-derived GFP+ cells gated for FACS (right).
(F) qRT-PCR analysis of Isl-derived GFP+ cells for somitic and cranial myogenic regulators. All data points are presented as the mean ± SEM (error bars) (n = 3).
(G) Scheme of the experiment. The dotted line demarcates anterior and posterior esophagus isolated from E12.5 Is11Cre/+:R26mT-mG/+ separated for enzymatic
dissociation and ex vivo culture.
(H) Immunostaining of primary culture from anterior (upper) and posterior (lower) segments of esophagus for GFP (green, Isl1-lineage derived) and Myod (red,
arrowheads) after 5 days in culture (n = 4).
Scale bars represent 50 mm (A and B, left; C and D), 20 mm (B, right; H).
See also Figure S3.appearance of hypoplastic or normal branchiomeric muscles in
Tbx1-null embryos is attributed to low-level stochastic Tbx1-in-
dependent activation of Mrfs (Kelly et al., 2004; Kong et al.,
2014). However, unlike the other pharyngeal arch-derived mus-
cles, ESMs were totally absent in all Tbx1 mutants examined698 Developmental Cell 34, 694–704, September 28, 2015 ª2015 Elswith no sporadic appearance of hypoplastic ESM (n = 10). This
observation points to an absolute requirement of Tbx1 for ESM
specification and further validates the cranial mesodermal origin
of ESM. We note also that a group of Pax3-independent Isl1
lineage-derived laryngeal muscles closely associated with theevier Inc.
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Figure 4. Unique Initiation of Esophageal
Striated Myogenesis by Fetal Muscle
Progenitors
(A) Scheme depicting the temporal specification of
myogenic progenitors for embryonic and fetal
myogenesis and the differences between trunk
and esophageal muscles.
(B) qRT-PCR for embryonic myogenic markers
from Pax7-nGFP cells isolated by FACS from
E12.5 forelimbs (embryonic control), E15.5 fore-
limbs (fetal control), and E15.5 esophagus (test) of
Tg:Pax7-nGFP embryos.
(C) Same as in (B) for fetal myogenic markers. All
data points are presented as the mean ± SEM
(error bars) (n = 3).
(D) In vitro myogenic differentiation of Pax7-nGFP
cells isolated by FACS fromE12.5 forelimbs, E15.5
forelimbs, and E15.5 esophagus of Tg:Pax7-nGFP
embryos immunostained forMyHC (red). Note that
after 7 days in culture, E12.5 forelimb Pax7-nGFP
cells form primary myofibers, whereas E15.5
forelimb and esophageal Pax7-nGFP cells form
multinucleated secondary myofibers (arrows) (n =
3).
(E) 3D reconstruction of whole-mount immuno-
fluorescence of E14.5 Myf5nlacZ/+ esophagus for
a-SMA (red) and b-gal (green). High magnification
(right, top) shows b-gal+ cells (arrows) alignedwith
smooth muscle fibers (a-SMA+). Iso-surface
rendering (right, bottom) of the esophagus model
that depicts the unique association of myogenic
cells (purple, MgC) and smooth muscle layer
(cyan, SmL).
(F) Scheme summarizing how ESMs bypass the
scaffold building phase of embryonic myogenesis;
myogenic cells intercalate within the smooth
muscle layers of the esophagus that provide a
putative scaffold for fetal myogenesis.
Scale bars represent 20 mm in (D and E, right),
50 mm in (E, left).
See also Figure S4.esophagus and trachea (Figure S5A) were consistently absent or
severely hypotrophic in Tbx1 mutants (Figure S5B), indicating a
wider role for Tbx1 outside the esophagus.
Isl1+ Myogenic Cells Fail to Colonize Esophagus in
Tbx1-Null Mutants
We hypothesized that the absence of ESM and the associated
muscles in Tbx1-null mice could be attributed either to a failure
of Isl1+ progenitor cells to arrive at the cranial end of the eso-
phagus or the inability of the Tbx1-null Isl1+ progenitors to
activateMrfs in the esophagus. Analysis of E12.5 Tbx1mutants
showed the presence of Isl1+ progenitors in the surrounding
pharyngeal mesoderm. However, the wing-like extension of
Isl1+ progenitors proximal to the anterior esophagus was
entirely missing in mutants compared to control embryos, sug-
gesting that in the absence of Tbx1, Isl1+ progenitors fail to
arrive and seed the anterior esophagus (Figures 5C and 5D).
To determine the epistatic relationship between Tbx1 and Isl1,
we generated Tbx1 mutant embryos coupled with Isl1 genetic
lineage tracing. Strikingly, analysis of E18.5 embryos showedDevelopmena complete absence of Isl1-derived facial and lower mandibular
muscles in Tbx1-null mutants (Tbx1/:Isl1Cre/+:R26mT-mG/+:
Myf5nlacZ/+) compared to control embryos (Tbx1+/:Isl1Cre/+:
R26mT-mG/+:Myf5nlacZ/+) (Figures 5E and 5F, insets; Figure S5C).
Furthermore, Isl1-derived mGFP+ myogenic cells (b-gal+) and
ESM (MyHC+) were completely absent from the Tbx1 mutant
esophagus (Figures 5E and 5F), confirming that Tbx1 acts up-
stream in Isl1-derived progenitors and is required for the seeding
of the esophagus by Isl1+ myogenic progenitors. We note that
in the esophagus of Tbx1 mutant embryos, despite the absence
of ESM, the expression pattern of the smooth muscle layer
(a-smooth muscle actin), lamina propria/connective tissue
(Tcf4), innervation (Tuj1), and endothelial vascular cells (CD31)
all appeared unperturbed (Figure S5D), suggesting that Tbx1 is
likely toactcell autonomously in Isl1+ESMprogenitors. In the light
of our findings that ESM progenitors express Mesp1, Tbx1, and
Isl1, as do CpM progenitors that give rise to branchiomeric mus-
cles and second heart field-derived myocardium, we propose
that esophageal and associated striated muscles constitute a
distinct third myogenic derivative of pharyngeal mesoderm.tal Cell 34, 694–704, September 28, 2015 ª2015 Elsevier Inc. 699
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Figure 5. Failure of Esophagus Striated
Myogenesis in Tbx1 Mutant Mice
(A) Immunofluorescence staining of E18.5 control
(Tbx1+/) head muscles (cyan, MyHC) and esoph-
agus muscles (cyan, MyHC; red, a-SMA; or red,
Pax7). Note that the Tbx1/ esophagus lacks
differentiated MyHC+ fibers and Pax7+ satellite
cells (n = 10). X-gal staining on whole-mount
esophagus of control (Tbx1+/::Tg:MLC3F-nlacZ-
2E) (right).
(B) Same as in (A) for mutant (Tbx1/). Note
the complete absence of masticatory and
mandibular (asterisk, right) and esophagus striated
muscles (asterisk, right) in the Tbx1 null mutant
(n = 10).
(C and D) Immunostaining of E12.5 trunk trans-
verse section for Islet1 (red) (E, esophagus; T, tra-
chea) in control (C) and Tbx1/ (D) embryos. Note
the lack of lateral Isl1-expressing cells between
the trachea and esophagus (asterisk) in Tbx1/
mutant. The dashed line demarcates wing-like
expression of Isl1+ cells in the anterior esophagus
of control embryos. Dotted line demarcates the
esophagus (n = 3).
(E) Whole-mount view of dissected embryo (head,
inset) and immunofluorescence staining on trans-
verse sections of anterior esophagus of control
E18.5 (Tbx1+/:Isl1Cre/+:R26mT-mG/+:Myf5nlacZ/+)
embyo for GFP (green, Isl1-Cre lineage derived),
b-gal (red), and MyHC (cyan).
(F) Same as in (E) for mutant (Tbx1/:Isl1Cre/+:R26mT-mG/+:Myf5nlacZ/+). Note the near-complete absence of GFP+ facial muscles in the mutant (see inset).
Esophagi of mutants completely lack Isl1-derived myogenic cells (n = 2).
Scale bars represent 200 mm (A and B, left), 50 mm (A and B; right and middle, C, D, E, and F).
See also Figure S5.Isl1+ Progenitors Are Not Found in Close Proximity to
the Developing Chicken Esophagus
Lineage studies have shown that Isl1+ CpM cells contribute to
facial and intermandibular branchiomeric muscles in avians,
similar to that in mouse (Nathan et al., 2008; Tzahor and Evans,
2011). Given our observation that the ESM is also a derivative of
the Isl1+ CpM, we analyzed the development of the esophagus
in chick. Analysis of HH36 stage chick and adult quail esophagus
and crop (an esophageal modification) for MyHC and a-SMA
expression showed that, unlike inmouse, themuscularis externae
of the chick and quail esophagi were entirely devoid of striated
muscles and consisted only of smooth muscle as previously re-
ported (Shiina et al., 2005). Remarkably, comparative analysis of
different developmental time points in mouse and chick embryos
showed that Isl1+ progenitors (particularly the wing-like exten-
sion) were absent in the region proximal to the developing esoph-
agus in the chick as opposed to that in themouse (Figures 6A–6D,
S6A, and S6B). This situation is strikingly similar to that observed
in Tbx1-null mice (Figure 5D; see above). Taken together, these
data indicate that Tbx1 and Isl1 are critical determinants of ESM
fate; in their absence, ESMmyogenesis fails to occur (Figure 6E).
DISCUSSION
Esophageal striated muscles undergo peristalsis to propel in-
gested food to the stomach. Perturbations in ESM function
lead to dysphagia and other disorders that impair swallowing.
Given its location in the trunk, previous studies, including line-700 Developmental Cell 34, 694–704, September 28, 2015 ª2015 Elsage-tracing experiments, lead to the proposal that esophageal
striated muscles (ESMs) originate from somites (see Minchin
et al., 2013).
Here, we used extensive lineage tracing, Pax3 (somitic),
Mesp1, and Isl1 (cranial), Pax3 and Tbx1 mouse mutants, high-
resolution image analysis and a neuronal-specific marking
(Tuj1) to assess the contribution of Pax3-derived somitic progen-
itors to the striated muscles of the esophagus. We demonstrate
that ESMs are cranial mesodermal in origin and that Pax3-
derived cells do not contribute to this myogenic compartment,
but rather to the innervation of the esophagus. This is consistent
with previous reports that Pax3 is also expressed by the
migratory neural crest cells and give rise to enteric nervous sys-
tem among other cell types in vertebrate embryos (Lang et al.,
2000).
We define here, for the first time, a genetic regulatory network
for ESM in cardiopharyngeal mesoderm, where Tbx1 acts up-
stream of Isl1 to establish ESM in a biphasic manner, first to
seed the base of the oral cavity with pharyngeal-derived progen-
itors, followed by a posterior migration of these progenitors
along the esophagus to colonize this structure. In Tbx1-null mu-
tants, Isl1 progenitors fail to colonize esophagus and lack ESMs,
completely suggesting that Tbx1 is critical to initiate myogenic
fate in Isl1+ ESM progenitors and acts genetically upstream of
Isl1. A recent report has demonstrated the cell-autonomous
role of Tbx1 in cell survival and cell fate in pharyngeal mesoderm
that forms themasticatory muscles (Kong et al., 2014). Given our
observation that Isl1+ progenitors persist in Tbx1 mutants andevier Inc.
Figure 6. Isl1-Expressing Progenitors Do
Not Colonize the Developing Esophagus in
Chicken
(A) Immunostaining of E9.5, E11.5, and E12.5
mouse trunk transverse sections for Islet1 (red)
and E-cadherin (green) (n = 3).
(B) Same as in (A) for HH21, HH24, andHH28 chick
trunk transverse sections. Note that the lateral Isl1
wing-like extensions are completely absent in the
chick (*asterisk) (n = 3). The dotted line outlines the
esophagus (E, esophagus; T, trachea).
(C) Immunostaining of E17.5 mouse esophagus
transverse section for a-SMA (red) and MyHC
(green).
(D) Same as in (C) for HH36 chick esophagus
transverse section. Note that the chick esophagus
lacks striated muscles (n = 3). The dotted line
marks the esophagus lumen.
(E) Scheme showing that Tbx1 acts upstream of
Isl1 in esophageal myogenic progenitors, and in
the absence of Tbx1 and Isl1 expression, ESMs
are not established.
Scale bar represents 100 mm (A and B), 50 mm
(C and D).
See also Figure S6.are not eliminated completely from the pharyngeal mesoderm
proximal to the trachea and esophagus (only the wing-like
expression pattern of Isl1+ is missing), it is likely that the ESM
phenotype observed is due to a cell-autonomous role of Tbx1
in determining the myogenic fate of Isl1+ ESM progenitors.
These observations warrant further investigations, and future
studies using conditional mutation of Tbx1will help in elucidating
the precise role of this gene in ESM development.
Unlike other craniofacial muscles, themyogenic differentiation
of ESM progenitors occurs late in embryonic development
(E15.5) and extends through postnatal stages. Conventionally,
striated myogenesis in the body follows a temporal specification
program in which embryonic myofibers are first formed, and
these act as a scaffold for the later differentiating fetal myofibers.
Intriguingly, we observed that striated muscles in the esophagus
are established exclusively by fetal myofibers, thereby bypass-
ing the conventional embryonic program. This ontology is novel
and has not been noted for other skeletal muscles and also rai-
ses the question of the nature of the scaffold for fetal myogene-
sis. Our observations on the patterning of myogenic progenitors
to the esophagus wall lead us to propose that the pre-patterned
smooth muscle fibers could provide the scaffold for ESMDevelopmental Cell 34, 694–704, Sepatterning. Functional studies will be
extended to dissect the role of smooth
muscles in the pattering of ESM. The
esophageal wall in birds and reptiles
lacks striated musculature and is lined
uniquely by smooth muscles. Interest-
ingly, we observed that unlike the mouse,
Isl1+ progenitors in the chick are not
established in the first phase to seed
the oropharyngeal region, thus pointing
to a possible regulatory mechanism ex-
plaining the lack of esophageal striatedmuscles in avians. We hypothesize that the absence of Isl1+
myogenic progenitors in the anterior chick esophagus could
result from either of the following: (1) the cell-autonomous
gene regulatory network that operates in Isl1+ mouse ESM pro-
genitors is repressed/altered in the chick, or (2) the pro-migratory
and pro-myogenic signaling milieu, present in the mouse esoph-
agus, is not duplicated in the chick, and hence the proposed
migration of the Isl1 progenitors and subsequent myogenic
differentiation to ESM does not occur. These hypotheses will
be tested in future studies.
The loss of ESM in birds opens new questions concerning the
evolution of the vertebrate pharynx. Evolution of chordates
involved the development of an enlarged pharynx with modified
pharyngeal clefts that act as a filter to collect food internally
(Glenn Northcutt, 2005). Previous studies have suggested a
possible co-evolution of circulatory and feeding functions in
early chordates (Ciona intestinalis), where the siphon muscles
in the anterior gut share a common origin with the cardiac lineage
(Stolfi et al., 2010). Notably, two axes have been defined for car-
diopharyngeal progenitor cell fates: craniofacial muscles and
cardiac progenitor cells of the second heart field (Diogo et al.,
2015; Grifone and Kelly, 2007; Tzahor and Evans, 2011). Ourptember 28, 2015 ª2015 Elsevier Inc. 701
studies point to the ESM as a novel third derivative of cardio-
pharyngeal mesoderm that has been forfeited in avians. We
hypothesize that the absence of mastication in avians could
have supported the evolution of a uniquely smooth muscle
lined esophagus with greater distensibility for rapid ingestion of
coarse food. Further, given the common origins of siphon and
cardiac lineages in tunicates, it is possible that this branch point
that is homologous to the ESM is evolutionary more ancient than
craniofacial muscles.
Taken together, our results clearly demonstrate a cranialmeso-
derm origin of striated muscle of the esophagus that is located in
the trunk. In a previous study using Z/AP reporter mice, Kaede
lineage tracing, and pax3b morpholinos in zebrafish, the ESM
was reported to be a derivative of Pax3-derivedmigratory somitic
progenitors (Minchin et al., 2013). However, our results demon-
strate that the Pax3 lineage does not contribute to ESM. We
attribute the discrepancies to two factors. First, analyzing the
esophagi of Pax3Cre/+:R26mT/mG embryos, we highlight the fact
that Pax3 derivatives contributing to the enteric neurons of the
esophagus are found in close proximity to the myogenic cells
and could be mistaken for myogenic cells. By providing high-res-
olution analysis and 3D reconstructions, we show that that the
Pax3 lineage does not contribute to the ESM in mice. Second,
with the increasing concerns on the use of Morpholinos (Kok
et al., 2015; Schulte-Merker and Stainier, 2014), it would be
important to examine mutants of pax3b to conclusively demon-
strate its role in ESM formation in zebrafish. Indeed, a ‘‘small
head phenotype’’ was noted in pax3bMO1morpholino zebrafish
mutants (Minchin et al., 2013). However, our analysis of E18.5
Pax3 mutant mice conclusively demonstrates that Pax3-derived
migratory myogenic progenitors are not required for ESM forma-
tion in mice.
Finally, understanding the developmental origin of ESM has
important clinical ramifications, as TBX1 haploinsufficiency is
implicated in DiGeorge syndrome. These patients exhibit cardio-
vascular and craniofacial abnormalities that include problems
with swallowing (Ro´zsai et al., 2009). Our finding that the
ESMs are a third derivative of the cardiopharyngeal mesoderm
and critically require Tbx1 prompts investigations of defects in
ESM, which may underlie dysphagia and feeding disorders in
these patients (Eicher et al., 2000).
EXPERIMENTAL PROCEDURES
Animals
Animals were handled as per European Community guidelines, and the ethics
committee of the Institut Pasteur (CTEA) approved protocols. Cre recombi-
nase, Pax3Cre/+ (Engleka et al., 2005), Mesp1Cre/+ (Saga et al., 1999), and
Isl1Cre/+ (Srinivas et al., 2001) and reporter mouse lines R26RmT/mG (Muzumdar
et al., 2007), Pax7GPL (Sambasivan et al., 2013), Myf5nLacZ/+ (Tajbakhsh et al.,
1996), Tg: MLC3F-lacZ-2E (Kelly et al., 1995), and Z/AP (Lobe et al., 1999)
were described previously. Mice carrying the Tbx1tm1pa allele (referred to as
Tbx1/) were described previously (Jerome and Papaioannou, 2001). To
generate experimental embryos for Tbx1/, Isl1, and Myf5 lineage tracing
(Tbx1/ : Isl1Cre/+: R26RmT/mG/+: Myf5nlacZ/+), we crossed Tbx1+/ : Isl1Cre/+:
Myf5nlacZ/+ mice with Tbx1+/: R26RmT/mG male/female mice.
Embryos
Mouse embryos were collected between embryonic day 12.5 (E12.5) and
E18.5, with noon on the day of the vaginal plug considered as E0.5. Fertilized
chicken eggs from commercial sources were incubated at 38.5C to the702 Developmental Cell 34, 694–704, September 28, 2015 ª2015 Elsappropriate Hamburger Hamilton (HH) stage in a humidified incubator. Adult
quail were euthanized using an overdose of sodium pentobarbitone
(150 mg/kg bodyweight) via intracoelomic injection.
Histology
For cryosections, embryos were fixed in 4% paraformaldehyde and 0.1%
Triton X-100 (1–2 hr), washed overnight in 13 PBS/0.1% Tween-20, equili-
brated in 15% sucrose/PBS overnight, embedded in OCT, frozen in liquid
nitrogen, and sectioned at 16- to 20-mm thickness.
X-Gal Staining
Whole-mount samples or cryosections were analyzed for b-galactosidase
(b-gal) activity as described previously (Comai et al., 2014), and tissue sections
were post-fixed in 4% PFA and counterstained with 2% aqueous eosin.
For immunohistochemistry on MyHC (rabbit, 1/750), sections were treated in
0.3% hydrogen peroxidase in 13 PBS to block endogenous peroxidase activ-
ity, and labeling was revealed with an anti-Rb HRP antibody (Vector, PI-1000,
1/1,500) and DAB (3, 30-diaminobenzidine) peroxidase (HRP) substrate kit,
in accordance with the manufacturer’s instructions (Vector Laboratories,
SK-4100).
Immunofluorescence Staining
Immunostaining on sections was performed as previously described (Comai
et al., 2014). For whole-mount immunostaining, esophagi at specific time
points were micro-dissected from PFA-fixed embryos, washed in PBS, and
incubated in blocking buffer (3% goat serum, 1% BSA, and 0.5% Triton
X-100 in 13 PBS) for 1 hr at 4C. The tissue was then incubated in primary
antibody in the blocking buffer for 4–5 days at 4C on a roller. The tissue was
washed extensively for 1–2 hr in 13 PBS/0.1% Tween-20 and then incu-
bated in Fab0 secondary antibody overnight at 4C on a roller. The tissue
was washed extensively and then cleared for 3D imaging by SCALE (Hama
et al., 2011) or BABB (Yokomizo et al., 2012) protocols as described previ-
ously. Antibodies used include the following: GFP (chicken, Abcam, 13970;
1/1,000), Pax7 (mouse monoclonal, DSHB; 1/20), Myod (mouse monoclonal,
Dako, M3512; 1/50), Myogenin (mouse monoclonal, DSHB, F5D; 1/100),
Myf5 (rabbit, Santa-Cruz Biotechnology, sc-302; 1/250), MyHC (rabbit, kindly
provided by G. Cossu, 1/750; mouse monoclonal MF20, DSHB, 1/30), Islet1
(mouse monoclonal, DSHB, 40.2D6; 1/750), Pitx2 (rabbit, kindly provided by
J. Drouin, 1/300), alpha smooth muscle actin (rabbit, Abcam, 1/1,000), Des-
min (mouse monoclonal, DAKO M0760, 1/200), avian slow myosin heavy
chain (mouse monoclonal DSHB S46, 1/200), b-galactoside (rabbit poly-
clonal, MP Biomedicals 08559761), and E-cadherin (Mouse, 1/500, BD
Biosciences).
Imaging
Images were acquired using the following systems: a Zeiss Axio-plan equip-
ped with an Apotome and ZEN software (Carl Zeiss), a Leica SPE confocal
and Leica Application Suite (LAS) software or a LSM 700 laser-scanning
confocal microscope and ZEN software (Carl Zeiss). All images were assem-
bled in Adobe Photoshop and InDesign (Adobe Systems). Volume-rendered
3D reconstruction and Iso-surface rendering were performed on the z series
using Imaris software (Bitplane).
Primary Cell Culture
For primary myocyte culture of anterior and posterior esophagi, E12.5 Isl1Cre/+:
R26mT/mG esophagi were micro-dissected in cold DMEM under a Zeiss
SteREO Discovery V20 microscope. Isl1-GFP+ anterior part and Isl1-GFP-
posterior part were collected in separate tubes and processed with enzy-
matic digestion mix 0.25% Trypsin (15090-046,GIBCO) and 10 mg/ml of
DNase I (04536282001, Roche) in DMEM (31966, GIBCO). Samples were
incubated at 37C for 5 min and resuspended by gently pipetting up and
down 10–15 times using a plastic Pasteur pipette and incubated for an addi-
tional 5 min. Suspension by pipetting was repeated, and digests were
passed through a 40-mm filter, and digestion was stopped with 5 ml of Foetal
Bovine Serum (GIBCO). Cells were spun 15 min at 500 rcf at 4C, and the
pellets were resuspended in 2 ml of culture media (20% FBS and 1% Peni-
cillin-Streptomycin DMEM + Glutamax (GIBCO) and Ultraser and cultured
on matrigel-coated (354234, BD Biosciences) plates at 37C or suspendedevier Inc.
in DMEM/2% FBS to be processed for FACS. For in vitro myogenic differen-
tiation, Tg:Pax7-nGFP E12.5 and E15.5 forelimbs and E15.5 esophagi were
microdissected in cold DMEM under sterile conditions and processed
as above. GFP+ cells from FACS were collected in (20%FBS and 1% Peni-
cillin-Streptomycin DMEM + Glutamax (GIBCO) and Ultraser (PALL, Life Sci-
ences) and cultured on matrigel-coated (354234, BD Biosciences) plates
at 37C.
qRT-PCR
Total RNA was extracted from cells isolated by FACS directly into cell lysis
buffer (RLT) of a QIAGEN RNAeasy Micropurification Kit. The equivalent of
1.5 3 103 cells was used/transcript amplified. cDNA was prepared by
random-primed reverse transcription (Super-Script II, Invitrogen, 18064-
014), and real-time PCR was done using SYBR Green Universal Mix (Roche,
13608700) StepOne-Plus, Perkin-Elmer (Applied Biosystems). Gapdh tran-
script levels were used for normalizations of each target ( = DCT). At least
three biological replicates were used for each condition (DDCT) method
(Schmittgen and Livak, 2008). For SYBR-Green, custom primers were
designed using the Primer3Plus online software. Serial dilutions of total
cDNA were used to calculate the amplification efficiency of each primer
set according to the equation: E = 10  1/slope. Primer sequences are
described in the Supplemental Experimental Procedures. Primer se-
quences of embryonic and fetal myogenic markers were described previ-
ously (Mourikis et al., 2012).
Statistics
All experiments were carried out on a minimum of three embryos, except
where stated otherwise. The graphs were plotted and statistical analyses
were performed using GraphPad Prism software. All data points are presented
as the mean ± SEM (error bars). The Student’s t test (two-tailed, unpaired) was
applied in all cases (*p < 0.05; **p < 0.01; ***p < 0.001).SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and two movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2015.07.003.
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